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1. INTRODUCTION 

One of the important tasks of modern variable frequency drives (VFD) is to maintain the value of 
the controlled coordinate at the level of the reference signal under various disturbances [1]-[4]. For an 
electric drive operating in the mode of maintaining a given speed of rotation of the shaft, the most important 
and complex mode is surges and variations of torque disturbances. To fend off these indignations, 1.e. 
keeping the rotation speed at the required level is quite difficult. There are many reasons for this, but the 
most significant are the following. 

1) The natural rigidity of the mechanical characteristics of an asynchronous electric motor is not 
enough. So the rated load torque leads to a decrease in speed by 4-10% [5]-[7] in relation to the idle 
speed. For most high-tech mechanisms, the tolerance does not exceed 1%. 

2) Torque disturbances are parried due to the external velocity loop, 1.e. after the moment of loading, 
there should be an initial dynamic dip of 10-15%. This dip is practically not regulated by the tuning 
of the PID controllers incorporated in the control systems of asynchronous electric drives with 
frequency control, 1.e. changing the parameters of the frequency converter [8]. 

3) In VED with vector control with speed feedback the existing limitation of the ratio of the amplitude 
of the stator voltage to its frequency (U/f) limits the magnetic flux and increases the speed recovery 
time to 1 s [8]-[12]. With modern technological requirements, this is a very high value, which 
sharply increases the likelihood of a significant violation of the required operating mode of the drive 
and the unit as a whole. 
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4) The process of load parry is complicated by the fact that the power elements of the drive (frequency 
converter, electric motor and gearbox) have a significant number of nonlinear elements [13]-[17]. 
The presence in the real mechanism of gaps, backlash, changing in the process of wear of elements, 
leads to time delays, which cannot be completely eliminated by complicating the automatic control 
system. 

5) In standard frequency converters from leading world manufacturers, for speed stabilization modes, a 
vector control mode is provided, which has a number of significant drawbacks, which will be 
indicated below. 

In standard frequency converters of leading world manufacturers for speed stabilization modes, a 
vector control mode is provided, which has a number of significant drawbacks that reduce efficiency 
precisely in the mode of parrying external moment disturbances, which will be discussed below. These and 
other complexities of the process of parrying moment loads make it difficult for engineers to choose effective 
control systems for electric drives, limiting themselves to the choice of vector control schemes, which are 
considered to be the best option for VFD. 

Vector equations, which traditionally describe VFD, do not allow effective application of theoretical 
(computational) methods for identifying dynamic characteristics of electric drives proposed in [18]-[20]. 
Well proven in the analysis of the dynamics of DC drives, these methods will require significant linearization 
of the generalized equations of induction motors and the result of such calculations can differ significantly 
from practice, from real dynamic processes in drives with frequency control. Therefore, the studies, the 
results of which are presented in this article, relied primarily on experiments. For this, asynchronous electric 
motors controlled by ATV frequency converters of the "Schneider-Electric" company, included in the 
laboratory stand, were used. 


2. PROBLEM DEFINITION 
In works [21], [22] the results of experimental research and mathematical modeling of load surges in 
asynchronous electric drives with frequency control are given. Let's note the most important ones. 
1) The processes of load parry in a drive with vector control Figure | have practically no advantage 
over processes with scalar control Figure 2. 
2) A vector control drive, closed in speed, has zero static, but large dynamic errors and a long-term 
speed recovery process Figure 3. 
3) A drive with dynamic positive stator current feedback has better speed stabilization and load parity. 
Figure 4. The functioning of such control is described in detail in work [23]. This drive is described 
in detail in the works of the authors [21], [24]. 
4) These comparative results are completely confirmed by experiments carried out with a drive in 
which the rotor current was controlled [8], [24]. 
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Figure 1. Transient of VFD with sensorless vector control 
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Figure 2 Transient of VFD with scalar control 
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Figure 4. Transient of VFD with scalar control with DPF 


Explanations of these results are given in [25]. For this, a nonlinear transfer function of the 
asynchronous motor links was proposed, taking into account the frequency of the static voltage and the load 
through the magnitude of the absolute slip 


2Mpg(T2p+1)Sk 
wı[(1+T21p)2 S +£2] 


W (p) = (1) 
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Where, T, = = — the transient time constant of the rotor, 6 = a — the relative slip, Mẹ — the critical 
2 1 


moment, Sg — the critical slip at the nominal frequency w , 
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The block diagram of the motor with this link is shown in Figure 5. As follows from formula (1) and 
Figure 5, when the load rises, the structure of the transfer function changes. From the first-order link at f = 0, 
the transfer function becomes the transfer function of the second-order vibrational link 
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Figure 5 Structural diagram of an asynchronous motor in the working area 


Figure 6 shows the frequency characteristics of the link of the formation of the electromagnetic 
torque at P = 0, which corresponds to idle operation, and at 6 = 10%, which corresponds to a load close to 
the nominal. The differences in performance are very significant. It is very difficult to theoretically assess the 
quality of the transition process with such a change. The control algorithm selected in the frequency 
converter changes the amplitude and frequency of the stator voltage. In formula (1), these changes "appear" 
as changes in frequency and values of Mx and Sx. To what extent these changes are effective, we can judge 
by the processes of speed change during load surges, the authors do not know the exact engineering methods, 
therefore, to solve the problem of identifying the dynamics of an electric drive by the input of a torque load, 
an experimental method based on the transfer function (1) is proposed. 
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Figure 6. Frequency responses of an electric motor at a stator voltage frequency of 70 Hz and slip, 
corresponding to low (W1) and nominal (W2) loads 
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Because the transfer function changes when the stator voltage frequency changes. œ1, it is necessary 
to conduct a series of experiments at each "significant" frequency of the stator voltage. Since the dynamics of 
the drive, like any automatic control system, can be determined by its linearized frequency response, it is 
necessary to obtain the processes of speed change during load surges. Changing according to the harmonic 
law with a certain frequency. For a more detailed study of these frequencies, there should be several from the 
investigated frequency range. Frequencies and amplitudes of disturbances should be selected as the most 
probable disturbances for a given electric drive and the mechanism as a whole. This range of values is 
determined as a result of studies of the mechanism with which the electric drive is supposed to work. 

Also, as a result of research, the most probable constant engine speed should be selected. 
Determined by the frequency of the stator voltage. This makes the verification by this method rather 
laborious and cumbersome. But for nonlinear systems, this is the only true and accurate method. In a 
nonlinear system, it is impossible to transfer the experimental results obtained in any specific conditions - for 
example, parrying a "stepwise" load surge at the rated speed of rotation, to transfer to the processes of load 
surges at other speeds. Also, parrying a surge of a static load does not allow predicting the parameters of the 
processes of parrying a variable load, even with a sufficiently low frequency of change. 

Virtually any form of load torque variation can be selected for proof testing. Since most periodic 
functions are fairly accurately represented by the sum of harmonics of different frequencies, harmonic 
functions of the load torque change can be considered preferable. However, the technique can also be 
effective for other functions of changing the load moment, if studies of the mechanism or complex determine 
these functions. Comparison of the parameters of the processes of the speed of rotation and the given 
disturbing influences will show the efficiency of torque disturbances parry by one or another VFD’s control 
algorithm. 


3. EXPERIMENTAL RESEARCH 

The experiments were carried out on the stand shown in Figure 7. The experiments were carried out 
as follows. The investigated VFD was accelerated to a given speed corresponding to the frequency of the 
stator voltage from 10 to 50 Hz, for example, to 10 Hz, 20 Hz, 30 Hz, 40 Hz and 50 Hz. In accordance with 
the interpretation of the formula, the frequency properties of the drive must be controlled at several, the most 
probable speeds of rotation, supplying the disturbing moments with a value that does not significantly change 
the transfer function defined by this formula. This method will allow the most objective comparison of the 
effectiveness of various AED control methods. 





Figure 7 The stand electrical scheme SG1- signal generator; UZ1, UZ2—frequency converter; BR—encoder; 
PC-—personal computer; PS 1—oscilloscope; M1—load motor; M2-slip-ring induction motor 
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The investigated VFD was accelerated to a given speed corresponding to the frequency of the stator 
voltage from 10 to 50 Hz, for example, to 10 Hz, 20 Hz, 30 Hz, 40 Hz and 50 Hz. A harmonic signal with a 
frequency of 0 to 5 Hz is applied to the load drive, and an amplitude that slightly changes the transfer 
function in parameter B. For each of the experiments, the processes in the speed of rotation of the motor shaft 
are recorded. From a signal that is a sinusoid of the same frequency, as the input harmonic signal for the 
torque of the load drive, the amplitude of the uncompensated fluctuation of the speed and the phase shift 
between the signal of the reference and the sinusoid of the speed are distinguished. 

The greater the amplitude of the speed fluctuation and the phase shift between the reference and the 
speed signal, the worse the drive's ability to stabilize speed under complex torque disturbances. An example 
for a frequency of | Hz is shown in Figure 8. The reference signal Figure 8 (d) forms a sinusoidal disturbing 
torque on the load motor. The reactions of VFD with different control systems to this disturbance are shown 
in Figure 8(a), 8(b) and 8(c). 


4. ANALYSIS OF EXPERIMENTAL RESULTS 

From these diagrams Figure 8 it follows that VFDs with “traditional” sensorless controls (vector and 
scalar) have practically the same stabilization characteristics under torque disturbances. An electric drive 
with dynamic positive feedback on the stator current (DPF), in which, as shown by numerous studies [19], a 
constant magnetic flux of the rotor is formed, have the best characteristics under periodic torque 
disturbances. 

Vector control with speed feedback in this mode is ineffective. There are many reasons for this, we 
note the main ones: 

1. All frequency converters limit the stator flux in all modes (U/f ratio). 

2. The initial assumption about the harmonic nature of currents in asynchronous motors is very far 
from the truth. This is shown in [22], [24]. The effect of this assumption on the torque and speed of the motor 
is theoretically very difficult to calculate, but it can be significant. 
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Figure 8. Diagrams of VFD under sinusoidal disturbing torque with a frequency of 1 Hz 
(a) Open loop system (scalar and vector control), (b) vector control with speed feedback, 
(c) Scalar control with DPF, (d) speed reference signal 
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These reasons are well known to engineers, we suggest paying attention to the following. When 
developing a vector control algorithm, in addition to using a mathematical model of the motor, the 
parameters of which always differ from the real motor, the assumption of sinusoidal currents is taken. This is 
necessary to eliminate cross-links, and therefore to increase the controllability of the system. At the same 
time, the connections that provide the natural mechanical characteristic of the induction motor are also 
eliminated, and the entire function of parrying disturbing influences falls on the speed controller. Under static 
load, this leads to a delay in the speed recovery process. With a harmonic disturbing torque, starting with a 
frequency of 1 Hz and higher, the vector control drive, closed in speed, cannot fend off the load Figure 8 (c). 

Attention should be paid to the convenience of the proposed method of experimental identification 
of the stabilizing capabilities of the drive. Since the torque reference signal is the same in all experiments, 
there is no need to calculate the exact values of the frequency characteristics of the drive under test. It is 
enough to compare the absolute values of the amplitudes and phase shift of the speed signal. 

So, in the experiment at a frequency of 1 Hz, the amplitude of the "remaining" sinusoidal speed 
signal was 1.19 rad/s, and in an electric drive, closed in speed, the amplitude of a similar change in speed is 
3.31 rad/s. That is, the speed stabilization in an electric drive with DPF in relation to the torque perturbations 
is 3 times better than in a vector control drive with a speed feedback (Table 1). Open-loop drives Figure 8(a) 
that parry the load only due to "natural" stabilization have an error amplitude of 2 rad/s. 


Table 1. Experimental results of VFD under sinusoidal disturbing torque with a frequency of 1 Hz 


Control system type Aq, rad/s Ag, el. Deg 
Open loop system +2,19 270 
Speed feedback system +3,31 230 
Current feedback system +1,19 200 


The data for the experiment at a stator voltage frequency of 30 Hz at a harmonic disturbing signal 
frequency of 1 Hz are given in Table 1. The rest of the results in the disturbance frequency range up to 5 Hz 
and stator voltage frequencies from 10 to 50 Hz are similar. 


5. CONCLUSIONS 

From the results of experiments, it follows that a structure with a positive dynamic feedback on the 
stator current of an asynchronous electric motor largely linearizes an asynchronous electric drive with 
frequency control and a nonlinear transfer function of the link that forms the electromagnetic torque. The 
advantages of VFD with such a coupling were evident in all experiments. 

Attention should be paid to the lowest efficiency of the speed feedback vector control drive. Under a 
static load, its algorithm leads to a delay in the speed recovery process. With a harmonic disturbing torque 
starting from a frequency of | Hz and higher, the drive cannot counter the load Figure 8. 

The method of identifying the dynamics of the drive by the torque input is effective, has a high 
"sensitivity" and is able to solve the original problem of choosing the most effective control algorithm 
depending on the nature of the change in the load torque. 

The formula of the nonlinear transfer function of the torque generation link in an asynchronous 
electric motor is sufficiently accurate for engineering calculations and efficiency improvement methods for 
the range of stator voltage frequency variation from 0 to 50 Hz. 

VFD with positive dynamic feedback on the stator current has the best ability to suppress variable 
moment disturbances of low frequencies (from 0 to 5 Hz) in comparison with standard control algorithms - 
scalar and vector. 
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